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Outline 
•  Physics Motivation for CENNS 

•  How do we measure CENNS? 
i.)  Neutrino production 
ii.)  Detection 
iii.)  Background suppression 

•  The SciBath Detector 

•  Future work and conclusions 
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Describing the CENNS Signal 
•  To probe a “large” nucleus (few × 10-15 m) 

•  Detector signature is the 
recoiling nucleus 

•  Recoil energy that is deposited 

•  This is quite small for particle & nuclear physics à Dark Matter 
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Structure of the CENNS Signal 
•  Predicted scattering rate 

•  Recoil energy (M -1) and rate (N 2 ) 
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Physics Cases for CENNS 
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•  Never been observed! 
 

•  Oscillations (spatially)  
 

•  Form factors 
 

•  Supernova physics 
 

•  Non-standard interactions 
 

•  Irreducible dark matter 
background 

 



Physics Cases for CENNS 
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Ar-C data + models 

2

affect neutrino-nucleus coherent scattering, but the neu-
tron distribution has much more leverage. In this paper
we suggest the use of a Taylor expansion to write the
nuclear-neutron form factor in terms of moments of the
neutron density distribution. Using this expansion and a
simple Monte Carlo simulation, we show that neutrino-
nucleus coherent scattering can probe not only neutron
radii, but also the higher-order moments of neutron dis-
tributions. We use the examples of argon [14], germa-
nium [17] and xenon targets to show the expected ranges
of sensitivity.
The paper is organized as follows. In section II, we

introduce the model used to estimate neutrino-nucleus
scattering count rates, including in our discussion the
Taylor expansion of the neutron form factor and the cal-
culation of the moments of the neutron distribution in
nuclear DFT. In section III, we present and discuss the
results of the Monte-Carlo simulations.

II. COHERENT SCATTERING AND THE
FORM FACTOR

We present in this section the details of the model, in-
cluding the kinematics of neutrino-nucleus coherent scat-
tering, the dependence of the neutron form factor on
the moments of the neutron distributions, and the DFT-
based calculations of the moments.

A. Kinematics

To calculate the cross section for neutrino-nucleus co-
herent elastic scattering, we sum the contributions of
each nucleon to the amplitude, which we then square
and sum over available phase space. The resulting cross
section, for spherical nuclei (neglecting small corrections
from various sources) is [18]
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where E is the energy of the incoming neutrino, T is the
nuclear recoil energy, M is the mass of the nucleus, GF

is the Fermi constant, and QW = N − (1 − 4 sin2 θW )Z
is the weak charge of the nucleus (sin2 θW ≈ 0.231).
The cross section also contains the form factor F 2(Q2),
which is a function of the momentum transfer (Q2 =
2E2TM/(E2 − ET )). One of the neglected corrections
is from higher multipoles in odd-A nuclei, which include
the effects of deformation as well as nonzero spin. The
higher multipoles add terms to Eq. (1) only at order Q4,
and even those changes are much smaller than O(1/A)
for the nuclei considered here.

The form factor corrects for scattering that is not com-
pletely coherent at higher energies. It encodes informa-
tion about the nuclear densities through a Fourier trans-
form, which in spherical nuclei takes the approximate
form [13]

F (Q2) =
1

QW

∫

[

ρn(r) − (1− 4 sin2 θW )ρp(r)
]

×
sin (Qr)

Qr
r2dr , (2)

where ρn,p(r) are the neutron and proton densities. We
have neglected effects due to the finite size of the nucle-
ons, which alter the relation between the point-neutron
density and the cross section by modifying the form fac-
tor at high Q. These effects could easily be included and
would barely change the results of our sensitivity analysis
below.
The separation of the neutron and proton terms in Eq.

(2) makes it possible to write the form factor as

F (Q2) =
1

QW

[

Fn(Q
2)− (1 − 4 sin2 θW )Fp(Q

2)
]

. (3)

Since the coefficient of the proton form factor is small,
the scattering depends mainly on the neutrons, making
neutrino-nucleus coherent scattering well suited to mea-
suring the neutron distribution.
There are two primary types of neutrino sources to con-

sider: neutrinos generated from fission processes in nu-
clear reactors, and neutrinos from the decay of stopped
pions. Reactor neutrinos have lower energy, resulting
in correspondingly low nuclear-recoil energies. Because
background can obscure low-energy recoil, we consider
neutrinos produced from the decay of stopped pions.
Stopped pions are produced in large quantities at both
spallation sources and accelerator sources. An example
of a spallation source is the Spallation Neutron Source
at Oak Ridge National Laboratory, which hits a mercury
target with a beam of protons. Pions are produced, with
negative pions captured in the target and positive pions
coming to rest and decaying. The pions decay through
π+ → νµ + µ+. The muon neutrinos are monoenergetic
with an energy of 29.9 MeV. The muons then come to
rest and further decay via µ+ → e++νe+νµ. The prob-
ability that neutrinos νe or antineutrino νµ are emitted
in the range (E,E + dE) read

fνe =
96

m4
µ

(mµE
2
νe − 2E3

νe)dEνe ,

fνµ
=

16

m4
µ
(3mµE

2
νµ

− 4E3
νµ
)dEνµ

, (4)

where mµ is the mass of the muon. The energy of the
neutrinos range up to ∼ 52 MeV, which results in typical
nuclear recoil energies on the order of tens of keV to
100 keV. The momentum transfer associated with these
energies runs up to ∼ 100 MeV.
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To calculate the number of scattering events as a func-
tion of recoil energy, we fold the neutrino spectra with
the cross section:

dN

dT
(T ) = NtC

∫ mµ/2

Emin(T )
f(E)

dσ

dT
(E, T )dE , (5)

where Nt is the number of targets in the detector, C
is the flux of neutrinos of a given flavor arriving at the
detector, the normalized energy spectra f(E) includes
all three types of neutrino produced in pion decay, and
Emin(T ) = 1

2 (T +
√
T 2 + 2TM) is the minimum energy

a neutrino must have to cause a nuclear recoil at energy
T . The upper bound of mµ/2 is the maximum energy for
a neutrino produced from muon decay at rest.

B. Form-factor expansion
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FIG. 1. (Color online.) The factor F (Q2) for 40Ar predicted
by the Skyrme functional SkM∗ (solid black curve), and trun-
cations of the expanded form factor at various orders ofQ: Q0

(dashed blue curve), Q2 (dashed red curve), Q4 (solid green
curve). Terminating the expansion at Q4 (with coefficient
1
5!
〈R4

n〉) gives good agreement with the full form factor over
the range of Q2 relevant for the scattering of neutrinos from
stopped pion beams.

Since the form factor is included in the calculation of
the number of events, nuclei with different density distri-
butions will produce different recoil-energy distributions.
The recoil distributions therefore provide a good test for
models that predict the density. We can increase the use-
fulness of the recoil distribution by expanding the form
factor in Q. The dominant neutron piece can be repre-
sented as
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with
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∫

ρnr
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∫
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3r

. (7)

Written this way, the form factor is a sum of the even
moments of the neutron density distribution. These mo-
ments are straightforward to calculate from the density,
and represent physically relevant and measurable quan-
tities. Since the neutrinos we consider have relatively
low energy, we can truncate the expansion after just two
terms for lighter nuclei such as argon and germanium,
and three terms for heavier nuclei like xenon. As an il-
lustration, we show in Fig. 1 the theoretical neutron form
factor predicted by the Skyrme functional SkM∗ [19] for
40Ar. Including moments up to 〈R4

n〉 is sufficient to re-
produce the full form factor curve over the relevant range
of Q values. In other words, we can fit experimental scat-
tering data in 40Ar with just two parameters, 〈R2

n〉 and
〈R4

n〉.
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FIG. 2. (Color online.) Top: Event rates in 40Ar as a func-
tion of recoil energy, with two different RMS neutron radii.
The red (solid) curve represents predictions of the Skyrme
functional SkM∗, while the blue (dotted) curve represents the
same for an RMS radius made 10% larger, as described in
the text. The flux at the detector is taken to be 3 × 107

neutrinos/cm2/sec per flavor. Bottom: The difference be-
tween the two curves on top.

Fig. 2 shows the effects on event rates in 40Ar of chang-
ing a single important measure of the density distribu-
tion, the root-mean-square (RMS) neutron radius 〈R2

n〉
1

2 .
We produced the figure as follows: First, we calculated

Patton et al., arXiv/1207.0693 

3.5 ton Ar, 
16 m from SNS,  
1 year, δΦν = 0 

4th vs 2nd Form Factor Moments •  Never been observed! 
 

•  Oscillations (spatially) 
 

•  Form factors 
 

•  Supernova physics 
 

•  Non-standard Interactions 
 

•  Irreducible dark matter 
background 

 



Physics Cases for CENNS 
•  Never been observed! 

 
•  Oscillations (spatially) 

 
•  Form factors 

 
•  Supernova physics 

 
•  Non-standard interactions 

 
•  Irreducible dark matter 

background 
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Dark Matter Sensitivity 

L. Baudis, Phys.Dark Univ. 4 (2014) 50-59 arXiv:1408.4371 



MiniCLEAN for BNB CENNS 
•  A. Hime already gave an excellent review of 

MiniCLEAN for BNB CENNS measurement 

•  ½ ton LAr scintillation detector à 100 events / yr 
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Neutron Backgrounds 
•  Few-MeV neutrons will 

deposit ~10 keV in LAr 

•  Accelerator produces all 
energies up to 8 GeV 

•  Shielding is needed 

•  Beam-correlated neutrons 
mimic neutrino signal  
 

9 FNAL Neutrino Seminar -- R.L. Cooper 

Er 

En	



M 

Neutron Scatter on 40Ar 

M = M/mn

Emax
r =

4M
(M+ 1)2

En � 0.1En

where 



Elastic Scattering Connection: ν, n, χ	


•  All these particle cause elastic scattering on argon 

•  Indistinguishable signal à ~10 keV nuclear recoil 
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Er ≈ 10 keV 

Ar 

ν	


Eν ≈ 50 MeV 

n 
En ≈ 1 MeV 

χ	


vχ ≈ 10-3 c 



SciBath Detector 
•  80 L open volume of mineral 

oil based liquid scintillator 
 

•  Neutrons recoil off protons, 
create scintillation 
 

•  768 wavelength shifting fibers 
readout 
 

•  IU built custom digitizer: 12 
bit, 20 MS / s 
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SciBath Detector 
•  80 L open volume of mineral 

oil based liquid scintillator 
 

•  Neutrons recoil off protons, 
create scintillation 
 

•  768 wavelength shifting fibers 
readout 
 

•  IU built custom digitizer: 12 
bit, 20 MS / s 
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SciBath Detector 
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oil based liquid scintillator 
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bit, 20 MS / s 
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Sample Muon Candidate Event 
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Sample Neutron Candidate Event 
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n / µ Particle Discrimination 
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•  Low-light LED pulser (YàZ) 

•  Use cosmic rays with  
known energy deposit 
(XàY) requires previous 
calibration to count photons 

 
•  Detect 6 PEs / MeV  

à want to improve 
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Calibrating the SciBath Detector 
X Energy 

Deposit (MeV) 
Y Scintillation 

Photons Collected 
Z Signal 

Voltage (ADCs) 
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Fermilab Measurement Sites 
MINOS Near 

NuMI Target BNB Target 

10/11 – 2/12 2/12– 5/12 
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MI-12 Neutron Background Run 
•  Neutron flux ~20 m from 

target 
 

•  In-line behind beam target 
(ground) 
 

•  29 Feb. – 23 Apr., 2012 
 

•  4.9x1019 total protons on 
target (POT) 
(4.5x1012 per pulse) 
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MI-12 Beam Time Per PE “Group” 
•  HIGH PE group shows 

beam time structure 

•  MEDIUM PE group has 
few-µs excess – slower 
neutrons arriving later 

•  LOWEST PE group has 
significant excess – 200 µs 
lifetime from n(p, d)γ 
neutron capture reaction 
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BNB Neutron Energy Spectrum 
•  En unfolded from PEs 

spectrum simulation of 
detector response 
 

•  2.44 ± 0.34 pulse-1 m-2  
(En > 40 MeV) 
 

•  Lose sensitivity > 200 MeV;  
 

•  Neutron spectrum 
20 m from BNB 
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BNB Neutron Energy Spectrum 
•  En unfolded from PEs 

spectrum simulation of 
detector response 
 

•  2.44 ± 0.34 pulse-1 m-2  
(En > 40 MeV) 
 

•  Lose sensitivity > 200 MeV;  
 

•  Neutron spectrum 
20 m from BNB 
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BNB Neutron Energy Spectrum 
•  En unfolded from PEs 

spectrum simulation of 
detector response 
 

•  2.44 ± 0.34 pulse-1 m-2  
(En > 40 MeV) 
 

•  Lose sensitivity > 200 MeV;  
 

•  Neutron spectrum 
20 m from BNB 
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Unfolded Neutron Energy Spectrum 
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Validation of Unfolding Techniques 
•  Cosmic ray neutron 

spectrum also unfolded 

•  Gordon et al., IEEE TNS 51, 
(2004) 3427 parameterizes 
surface neutron flux from 
Bonner sphere data 

•  Energy shape matches, 
overall scale factor needed 
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Unfolded Cosmic Neutron Spectrum 
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Direction Spectrum 
•  High PE protons will be track-

like; can be imaged 

•  Principle component analysis 
yields eigenvector 
 

•  Back-projecting direction 
spectrum tends to point 
upstream of target 
 

•  Tracking validated with 
cosmic rays and NuMI beam 
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High-PE, Proton Direction Spectrum 



Direction Spectrum 
•  High PE protons will be track-

like; can be imaged 

•  Principle component analysis 
yields eigenvector 
 

•  Back-projecting direction 
spectrum tends to point 
upstream of target 
 

•  Tracking validated with 
cosmic rays and NuMI beam 
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Validation of SciBath Tracking 
•  Tracking algorithms validated with NuMI underground data 
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NuMI Near Cosmic Ray Muons NuMI Near Beam Muons 



Capture-Gated Neutrons at MI-12 
•  At surface, accidental rate (and high primary rate) precludes n(p,d)γ 

capture gating à clear statistical sensitivity to thermal captures 
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MI-12 After-Beam Timing Spectrum MI-12 After-Beam PE Spectrum 



Capture-Gated Neutrons at NuMI 
•  NuMI near hall (100 m overburden) capture-gating neutron 

spectroscopy technique demonstrated (L. Garrison thesis) 
 

31 FNAL Neutrino Seminar -- R.L. Cooper 

NuMI Beam Neutron Capture Timing NuMI Beam Neutron Energy 



Capture-Gated Neutrons at NuMI 
•  NuMI near hall (100 m overburden) capture-gating neutron 

spectroscopy technique demonstrated (L. Garrison thesis) 
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NuMI Cosmic Neutron Capture Timing NuMI Cosmic Neutron Energy 



Current Studies 
•  2012 measurements at one 

position with no shielding 

•  We are improving SciBath, 
building concrete shielding  

•  Locate a viable location  
for CENNS & CAPTAIN  

•  Survey the area with 
portable detector 
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beam 



Beam Off-Target Rates (> 0.5 MeV) 
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Stairwell 
•  9 m from Be  

beam target 
•  1384 n / 1016 POT 

Collimator 
•  8 m from Be  

beam target 
•  5608 n / 1016 POT 

50 m Absorber 
•  6 m from Fe 

beam stop 
•  310 n / 1016 POT 

2012 SciBath Loc 
•  20 m from Be  

beam target 
•  211 n / 1016 POT 

Target 90° FOX 
•  20 m from Be 

beam target 
•  390 n / 1016 POT 

Neutron 
spectrum 
unfolding 
underway 

≈ 2.7×1016 
POT / hr 



CENNS-10 
Goals 
•  Develop LAr technology 
•  Perform very high-energy 

neutron calibrations 
 
Status 
•  Moved to Indiana 
•  Planning for calibration at 

Los Alamos WNR neutron 
beam 
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Summary of BNB Work for CENNS 
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MiniCLEAN 
First CENNS 
measurement 

SciBath 
Fast neutron 

measurements 
(10-200 MeV) 

preparatory 
measurements 

EJ-301 Cells 
Portable array
(0.5-20 MeV) 

CENNS-10 
10 kg LAr testing 

prototype 

CAPTAIN 
Low-E neutrino 
cross sections 



Summer 2015 Plans 
•  BNB: Plan to measure near BNB target 

building for CENNS, CAPTAIN, and 
general SBN program 
(May or June for 1 month) 

•  SciBooNE: Measure high-energy 
neutrino-induced neutrons and constrain 
thermal neutron rates from n(p,d)γ 
capture rates:  
 
relevant for ANNIE, microBooNE, and 
SBN (May or June for 1 month) 
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BACKUPS 
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Structure of the CENNS Signal 
•  Predicted scattering rate 

•  Recoil energy (M -1) and rate (N 2 ) 
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dσ

dE
=

G2
F

4π

�
(1− 4 sin2 θw)Z −N

�2
M

�
1− ME

2E2
ν

�
F
�
Q2

�2

≈ 0 à protons have little influence 

square of sum à part 
of coherence condition 

nuclear form factor 
à distribution of neutrons 

Detection Rate [ton-1 year-1] 



MI-12 Neutron Background Run 
•  Neutron flux ~20 m from 

target 
 

•  In-line behind beam target 
(ground) 
 

•  29 Feb. – 23 Apr., 2012 
 

•  4.9x1019 total protons on 
target (POT) 
(4.5x1012 per pulse) 

!"##

$%&'()*+,-.,/0)1231))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
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Utility Trailer for BNB Measurement 
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CENNS-10 On the Move 
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Off-Target Runs 
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